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During its duplication, DNA, the carrier of our genetic information, is particularly vulnerable to
decay, and the capacity of cells to deal with replication stress has been recognised as a major factor
protecting us from genome instability and cancer. One of the major pathways controlling the bypass
of DNA lesions during replication is activated by ubiquitylation of the sliding clamp, PCNA. Whereas
monoubiquitylation of PCNA allows mutagenic translesion synthesis by damage-tolerant DNA
polymerases, polyubiquitylation is required mainly for an error-free pathway that likely involves
template switching. This review is focussed on our understanding of the timing of damage bypass
during the cell cycle and the question of how it is coordinated with the progression of replication
forks.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
How to deal with obstacles is a serious, but frequently encoun-
tered problem for the cell’s replication machinery. A variety of DNA
lesions caused by exogenous or endogenous agents, DNA
-associated proteins that cause roadblocks and even transcribing
RNA polymerases may inhibit progression of the replisome [1–3].
One particularly serious problem is presented by lesions remaining
in the template DNA after strand separation, as these cannot be
removed by excision-based repair systems without creating strand
breaks and therefore potentially even more severe damage to the
replication fork. As the replication machinery, adapted for efﬁcient
and processive DNA synthesis, is unable to cope with non-native
structures in the template DNA, most lesions lead to polymerase
stalling, thereby endangering complete and accurate genome
duplication. Strategies to resolve replication blocks are therefore
critical for the maintenance of genome stability. This is exempliﬁed
by ﬁndings that have implicated oncogene-induced replication
stress as a factor contributing to the development of cancer [4,5].
The number of possible models of how cells deal with
replication fork stalling is considerable, but there is good evidence
that most of the proposed mechanisms are actually used by some
organisms in some situations. As outlined below, the key criteria
that distinguish one such mechanism from another are the timingcal Societies. Published by Elsevierof damage processing, i.e., the coupling of the reaction to genome
replication, the spacing with respect to replication forks and the
accuracy with which lesions are overcome. In this review I will
summarise the different principles of damage tolerance based on
these criteria and very brieﬂy mention bypass mechanisms in
Escherichia coli that illustrate these principles. I will then discuss
recent ﬁndings that shed light on the control of damage bypass
in eukaryotes in time and space, focussing on a prominent mecha-
nism of lesion bypass that is activated by posttranslational modiﬁ-
cation of the replicative sliding clamp, PCNA. Most of this
discussion will be centered on the budding yeast, Saccharomyces
cerevisiae, as the genetic tools available in this model organism
have allowed the most detailed analysis, but important observa-
tions in higher eukaryotes will be described and compared to the
situation in yeast.
2. Mechanisms of damage bypass
The need for damage processing during replication arises when
unrepaired lesions left in the template DNA become exposed in
single-stranded DNA as the two strands are separated by the rep-
licative helicase. At this point, nucleotide (NER) or base excision re-
pair (BER) would not be productive, since the complementary
strand is no longer available as a template for resynthesis of the
excised region. An even more serious consequence would be a
strand break in the template DNA that would lead to the disinte-
gration of the replication fork. Hence, cells have the capacity toB.V. Open access under CC BY-NC-ND license.
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redundant mechanisms, which have been subject to many reviews
[1–3,6–9]. The only way to avoid lesion bypass altogether would be
a replication fork reversal, which would result in a Holliday junc-
tion-like structure and a re-annealing of the template strands
(Fig. 1A). At this point, excision repair could take place, and repli-
cation could resume either by a direct restart after exonucleolytic
digestion of the short branch representing the newly synthesised
DNA, or by endonucleolytic cleavage of the Holliday junction,
processing of the loose end to expose a single-stranded 30 termi-
nus, and replication restart via invasion of this terminus into the
duplex.
Alternatively, damage tolerance or bypass mechanisms are re-
quired to complete replication of the damaged DNA. The lesion
can then be ﬁxed by an excision-based repair system once it is
again situated within a double-stranded region. The appropriate
mechanism will now be dictated in part by the strand on which
the damage resides. A lesion on the lagging strand template would
not be expected to cause a stalling of the replication fork, but
would merely result in a daughter-strand gap, i.e., an unﬁnished
Okazaki fragment. Lesions in the leading strand template are much
more serious due to the continuous nature of DNA synthesis. Their
bypass can be accomplished either by a direct, fork-associated
processing (Fig. 1B) or a postreplicative event, which would require
re-priming on the leading strand downstream of the lesion
(Fig. 1C). The latter option converts the problem of fork stalling
into one of ﬁxing a daughter-strand gap, similar to the resolution
of lagging-strand damage. In either case, bypass pathways can be
differentiated into error-prone reactions involving a direct copying
of the damaged DNA, named translesion synthesis (TLS) [6,8], and
damage avoidance mechanisms that do not make use of the dam-
aged region as a template for DNA synthesis at all [7,9]. While theFig. 1. Strategies for the processing of lesions on the leading strand during DNA
replication. (A) Replication fork reversal allows an annealing of the template
strands, thus bringing the lesion back into a region of double-stranded DNA, which
makes it amenable to nucleotide or base excision repair. Resumption of replication
is then possible either by degradation of the short end of the forked structure and
direct restart of the fork, or by cleavage of the branched structure, exonucleolytic
processing of the loose end to yield a 30-overhang, and subsequent invasion of the
duplex. (B) Fork-associated damage bypass can be accomplished by the temporary
exchange of the replicative polymerase for a damage-tolerant enzyme (translesion
synthesis) or by a template switching event, which requires additional DNA
synthesis on the lagging strand to provide a template on which the stalled primer
terminus of the leading strand can be extended. Extension is possible through
replication fork reversal or the formation of a recombination intermediate via
strand invasion. (C) If re-priming occurs on the leading strand, translesion synthesis
and template switching can occur in a postreplicative manner at a daughter-strand
gap. Note that lesions on the lagging strand are expected to result in daughter-
strand gaps as well.former pathway employs specialised, damage-tolerant DNA poly-
merases to replicate through the lesion, the latter proceeds by
means of homology-directed template switching, where the stalled
primer terminus uses the newly synthesised strand of the sister
chromatid as a template. In the fork-associated mode, this mecha-
nism requires an asymmetry in the replication fork, as the newly
synthesised lagging strand needs to serve as a template for the
stalled leading strand primer. Whereas fork-associated template
switching could be accomplished either by a temporary fork rever-
sal or by an invasion of the lesion-containing single-stranded DNA
into the sister chromatid, only the latter mode is available for post-
replicative processing.
3. Damage bypass in E. coli
Studies of DNA transactions in prokaryotes often serve as sim-
ple model cases for the more complex reactions in higher organ-
isms. Yet, replication fork recovery even in E. coli is surprisingly
versatile and appears to comprise most of the possible pathways
described above, as discussed in a number of excellent reviews
[7,9–11]. Seminal work by Rupp and Howard-Flanders ﬁrst demon-
strated that overall DNA replication was not signiﬁcantly delayed
by UV-induced damage and that DNA synthesis on UV-damaged
templates initially occurred in a discontinuous manner [12,13].
The small fragments, detectable by alkaline sucrose gradient cen-
trifugation, were converted to larger, continuous stretches, as a
function of time, thus suggesting that daughter-strand gap repair
played a prominent role in damage bypass. A mechanistic basis
for skipping of the lesion and re-priming on the leading strand
was later provided by experiments showing that the bacterial pri-
mase is able to initiate DNA synthesis at a stalled replication fork
on both leading and lagging strand in a PriC-dependent manner
[14]. Gap-ﬁlling then takes place via homologous recombination,
involving RecFOR and RecA [7]. However, there is also good evi-
dence for fork-associated strategies. Replication fork reversal, med-
iated by RecG, has been observed under several conditions
[7,15,16]. Linearisation was found to require the Holliday junction
resolvase RuvABC, and recombination-dependent restart was re-
ported to be mediated by the PriA helicase, which recognises
branched DNA junctions. An uncoupling of leading- and lagging-
strand synthesis, a prerequisite for bypass mechanisms based on
template switching at the fork, has likewise been observed [17]. Fi-
nally, the importance of translesion synthesis as a means of dam-
age bypass independent of template switching, is highlighted by
the identiﬁcation of several proteins involved in damage-induced
mutagenesis, umuD02C, dinB and polB, as damage-tolerant DNA
polymerases [10].
4. DNA damage bypass in eukaryotes
Experiments involving alkaline gradient centrifugation
analogous to those ﬁrst carried out in E. coli have demonstrated
the capacity of both higher and lower eukaryotes to perform lesion
bypass [18,19]. Many of the components, such as damage-tolerant
DNA polymerases, as well as mechanistic principles such as the
involvement of homologous recombination to restart a stalled fork,
are well conserved. However, two important differences between
prokaryotic and eukaryotic damage tolerance pathways need to
be highlighted: on one hand, the E. coli replisome appears to have
the capacity of readily reassembling upon replication fork collapse,
whereas eukaryotic cells have developed intricate checkpoint
mechanisms to stabilise stalled forks and prevent the disassembly
of the replication machinery under conditions of replication stress
[3]. On the other hand, a major part of lesion bypass in eukaryotes
is under control of the ubiquitin system, a regulatory mechanism
not available to prokaryotes [20,21]. This modulatory inﬂuence
Fig. 2. Posttranslational modiﬁcations of the sliding clamp, PCNA, govern the
processing of lesions during DNA replication in eukaryotes. PCNA (circular symbol)
is modiﬁed by mono- and polyubiquitylation (black spheres) in response to DNA
damage and replication stress. Each modiﬁcation labels the clamp for alternative
downstream activities as depicted in Fig. 1. Relevant lysines and conjugation factors
are indicated for the individual steps.
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switching events, described below, may have important conse-
quences for the preference of one pathway over another in re-
sponse to different lesions and may well inﬂuence the timing of
the reactions with respect to genome replication. While we proba-
bly know most of the components involved in eukaryotic damage
bypass, we are only beginning to understand the details of how
the process is coordinated with replication.
4.1. The RAD6 pathway of DNA damage bypass
A major pathway for replicative damage processing in eukary-
otes has been named after the founding member of a group of yeast
genes involved in this process, RAD6 [22]. By protecting cells from
the harmful consequences of replication stress, the RAD6 pathway
contributes to their overall resistance to genotoxic agents and pre-
vents major genomic rearrangements. However, it also affects the
ﬁdelity with which damaged DNA is replicated, giving rise to a ma-
jor portion of damage-induced mutagenesis. Hence, RAD6-depen-
dent damage tolerance supports genome maintenance, but can
also serve as a source of genomic instability. Its dual action is ex-
plained by an inﬂuence of the pathway on both mutagenic TLS
and error-free template switching. Accordingly, the relevant genes
have been categorised into two distinct branches. While the effects
of the RAD6 pathway have been understood for decades, its molec-
ular mechanism was elucidated more recently. It turns out that
many of its members encode components of the ubiquitin conjuga-
tion machinery, indicating that damage bypass is controlled by
means of post-translational modiﬁcation (Fig. 2). The key ubiquity-
lation target of the pathway, whose modiﬁcation controls the
activity of both TLS and template switching, was found to be the
essential replicative sliding clamp, PCNA [23]. Upon induction of
replication stress, the protein is subject to monoubiquitylation
and lysine (K)63-linked polyubiquitylation. The modiﬁcations have
been observed in all the eukaryotic species examined, and the en-
zymes involved appear to be highly conserved [23–29]. Monoubiq-
uitylation at a single invariant lysine residue, K164, is mediated by
the ubiquitin-conjugating enzyme (E2) Rad6 itself in conjunction
with the ubiquitin protein ligase (E3) Rad18. Polyubiquitylation
requires a monoubiquitylated substrate as a basis for chain exten-
sion by a second E2–E3 pair, the heterodimeric E2 Ubc13-Mms2
and the E3 Rad5 in yeast. Higher eukaryotes apparently encode
two Rad5 homologs, SHPRH and HLTF [30,31]. Importantly, the
two modiﬁcations label PCNA for alternative functions. Monoubiq-
uitylation leads to the activation of TLS by damage-tolerant DNA
polymerases [26,27]. Most of these, belonging to the Y-family of
polymerases (such as polymerase g and Rev1 in budding yeast),
harbour ubiquitin-binding domains that mediate an enhanced
afﬁnity for the monoubiquitylated form of PCNA, thus implying a
plausible recruitment mechanism to the site of lesion bypass
[32–36]. Polyubiquitylation of PCNA activates an alternative er-
ror-free pathway most likely relying on template switching [23].
However, the exact mechanism of this mode of lesion bypass has
not yet been elucidated in detail, and some aspects of Rad5 func-
tion have also been implicated in TLS.
4.2. Support for a postreplicative action of the RAD6 pathway in yeast
The RAD6 pathway of budding yeast has been the object of ge-
netic analysis since the 1970s, and based on experiments involving
alkaline gradient centrifugation of radiolabelled DNA analogous to
those performed in E. coli, the term initially coined to describe the
reaction in that organism, ‘‘postreplication repair’’, was also
adopted for the process in yeast, hence suggesting a replication
fork-independent action [19]. Similar to the situation in E. coli,
these assays, performed with NER-deﬁcient strains, revealed agradual conversion of low to high molecular weight fragments of
labelled DNA, consistent with the ﬁlling of daughter-strand gaps.
Thus, the term ‘‘postreplication repair’’ refers less to the actual re-
moval of the lesion and more to the mending of the discontinuities
in the newly synthesised DNA. Genes involved in this process were
originally identiﬁed as RAD6, RAD18, RAD5, UBC13 and MMS2, i.e.,
those later shown to be involved in PCNA polyubiquitylation, but
not those encoding damage-tolerant polymerases, such as REV3
and REV7 (encoding polymerase 1) and REV1 in S. cerevisiae
[19,37]. Defects in RAD30 (encoding polymerase g) only had minor
effects on the accumulation of discontinuities. These ﬁndings sug-
gested that error-free damage bypass, but not TLS, is performed
predominantly in a postreplicative manner. It should be men-
tioned, however, that the centrifugation assays did not provide
information about how the damage processing is coupled to the
state of replication forks and the timing of S phase.
There is also indirect evidence for a postreplicative activity of
TLS that was not revealed in the earlier sedimentation analyses.
One of the damage-tolerant polymerases, Rev1, was found maxi-
mally expressed in G2 and throughout mitosis rather than during
S phase [38]. Moreover, its phosphorylation pattern suggests a par-
ticular relevance of the postreplicative stage: phosphorylation of
Rev1, which enhances the efﬁciency of damage-induced mutagen-
esis in NER-deﬁcient cells, is induced by DNA damage, but is also
cell cycle-regulated with a maximum in mitosis [39]. Another clue
comes from the observation that a PCNA-like checkpoint complex,
the so-called 9-1-1 clamp (a heterotrimer of Rad9, Rad1 and Hus1
in humans and ﬁssion yeast and of Rad17, Mec3 and Ddc1 in bud-
ding yeast), interacts with damage-tolerant polymerases and con-
tributes to damage-induced mutagenesis, possibly by recruiting
the TLS enzymes to chromatin [40,41]. In the presence of the sin-
gle-stranded DNA-binding complex, Replication Protein A (RPA),
loading of the 9-1-1 clamp is directed towards 50-junctions be-
tween single- and double-stranded DNA [42]. These structures
would not be expected directly at the replication fork, but would
be present at daughter-strand gaps arising from either unﬁnished
Okazaki fragments or re-priming events on the leading strand. It
is still unclear, however, whether or how the 9-1-1 clamp cooper-
ates with the RAD6 pathway of PCNA ubiquitylation to promote
TLS.
Whereas most of these observations provide rather indirect
pieces of evidence for a postreplicative mode of damage bypass,
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daughter-strand gaps in newly replicated DNA that contained
irreparable lesions [43]. The electron micrographs show regions
of single-stranded DNA in both daughter strands of replication fork
structures isolated from UV-irradiated NER- and TLS-deﬁcient
strains. While this experiment does not allow one to distinguish
whether the TLS polymerases actually ﬁx these gaps or whether
they avoid their formation altogether, it does suggest that re-prim-
ing is possible on the leading strand. A careful analysis of the rep-
lication speed in ﬁssion yeast, however, has indicated that defects
in TLS do not reduce bulk replication rates even under conditions
where the majority of replication forks will encounter at least
one lesion, hence arguing for an action of TLS polymerases on pos-
treplicative daughter-strand gaps [44].
Two recent studies in budding yeast have directly addressed the
question of whether the activity of the RAD6 pathway is coupled to
replication [45,46]. One of them made use of a mutant in the
non-essential subunit of the replicative DNA polymerase d, Pol32,
to induce replication stress [45]. This led to an activation of the
checkpoint response and a constitutive ubiquitylation of PCNA,
which persisted into G2/M, i.e., after bulk genome replication, sug-
gesting that some of the damage bypass events might still be ongo-
ing at this late time point. At the same time, defects in the RAD6
pathway did not prevent cells from recovering from replication
stress induced by hydroxyurea treatment, and phosphorylation of
the yeast Claspin homolog Mrc1, an indicator of the replication
checkpoint, did not correlate with the capacity to perform ubiqui-
tin-dependent damage bypass. These data suggested that the sta-
bility of replication forks and their ability to restart after stalling
was not compromised by inactivation of damage bypass. The
authors then limited the expression of individual RAD6 pathway
components to the G2 phase by placing the genes under control
of the CLB2 cyclin promoter and appending the sequences respon-
sible for degradation of the cyclin to the N-terminus of the respec-
tive open reading frame. This strategy was applied to RAD18, RAD5,
UBC13, REV3 and RAD30, and in all cases the relevant construct
complemented the phenotypes of the respective deletion mutant
quite well. Similarly, it was possible to restrict to G2 the activity
of Sgs1, a helicase that had previously been shown to resolve
recombination intermediates formed by the action of the RAD6
pathway [47]. Hence, these data showed rather convincingly that
ubiquitin-dependent damage bypass by both TLS and template
switching operates in a manner independent of the replication fork
and can fulﬁll its protective role in a postreplicative fashion.
An independent study arrived at very similar conclusions by
means of a related strategy [46]: placing RAD18 under control of
a regulatable promoter made it possible to activate the entire dam-
age tolerance pathway at will in synchronised cell populations.
This allowed a direct comparison of the efﬁcacy of damage bypass
depending on the time of activation. Consistent with the study de-
scribed above, survival of UV-induced DNA damage was unaffected
by a delay of RAD18 induction until bulk genome replication was
completed. Accordingly, damage inﬂicted before entry into S phase
caused PCNA ubiquitylation in G2/M when induction of RAD18was
delayed until that stage. Selective inactivation of either error-free
bypass or TLS indicated that although the dominant pathway rele-
vant for survival both during and after S phase was TLS, both
branches of the RAD6 pathway were capable of acting in G2/M.
The possibility to separate damage bypass in time from genome
replication allowed a direct visualisation of DNA synthesis due to
the activity of the RAD6 pathway. Labelling of newly synthesised
DNA in G2/M by the nucleotide analogue 5-Bromo-2-deoxyuridine
(BrdU) and subsequent microscopic analysis of DNA ﬁbres revealed
the RAD18-dependent bypass tracts as short patches clearly dis-
tinct from replication products. A UV dose of 20 J m2 induced an
estimated 0.1 tracts per kbp. Comparing this approximate valuewith previous measurements of roughly 0.3–0.5 cyclobutane
pyrimidine dimers (CPD) per kbp at that dose [48,49] suggested
that a signiﬁcant fraction of all UV lesions were actually processed
in G2/M under the conditions of the experiment. The notion that
damage bypass is apparently separable from replication fork
progression raised the question as to when lesions are normally
processed in an undisturbed situation. When synchronised wild-
type cells were irradiated in G1 and released into the cell cycle,
PCNA ubiquitylation was induced within S phase and persisted into
G2/M, implying that lesion bypass is at least initiated during repli-
cation. Furthermore, defects in the RAD6 pathway caused a strong
and persistent checkpoint activation in S phase that was not
observed in wild-type cells, indicating that the pathway is nor-
mally important to prevent a damage signal during that stage.
Taken together, these ﬁndings suggest a model where both
error-free damage bypass and TLS operate on daughter-strand gaps
behind the replication fork, as depicted in Fig. 1C. While the pro-
cess is initiated before bulk genome replication is completed, it
can be delayed until after S phase without any detrimental conse-
quences for the cell, and expression and phosphorylation patterns
of Rev1 suggest that a signiﬁcant portion of the bypass events may
in fact naturally occur in G2/M. The notion that a fraction of PCNA
remains associated with chromatin until that stage in UV-irradi-
ated cells lends support to this scenario [46].
4.3. Support for fork-associated damage bypass
While the data discussed above provide strong arguments for
an action of ubiquitin-dependent damage bypass – particularly
TLS – independent of the replication fork, there are other observa-
tions that tend to support fork-associated models, namely for the
template switching pathway.
One of the controversies concerns the actions of Rad5, the E3
responsible for PCNA polyubiquitylation. In addition to a RING ﬁn-
ger motif, which mediates PCNA modiﬁcation in cooperation with
Ubc13-Mms2, the protein contains an ATPase domain related to
the SWI/SNF family of helicases and chromatin remodelling factors
[23,50,51]. Rad5 exhibits DNA-dependent ATPase activity, and
although earlier studies did not conﬁrm a helicase function [52],
a later report observed fork-speciﬁc helicase and branch migration
activities suggesting a function in promoting the reversal of stalled
replication forks for initiation of template switching as depicted in
Fig. 1B [53]. However, this scenario is irrelevant for the postrepli-
cative bypass model (Fig. 1C) and inconsistent with the notion that
expression of the Rad5 protein can be limited to G2/M without
affecting damage resistance of the cells. In addition, the pathway
for which ATPase activity is required is somewhat controversial:
whereas one study found a defect of an ATPase-deﬁcient mutant
in damage bypass (as measured by alkaline gradient centrifuga-
tion) comparable to that of a ligase-deﬁcient allele, but very little
UV sensitivity [54], others reported that the ATPase mutant con-
veyed no defect in PCNA ubiquitylation, but a signiﬁcant sensitivity
to ionising radiation, hence suggesting a function in DNA double-
strand break repair [55]. Another study, based on the resistance
of cells to chronic low-dose UV irradiation, found identical pheno-
types for the ATPase mutant and a deletion [56]. In any case, an ac-
tion of the Rad5 helicase function downstream of PCNA
polyubiquitylation should result in an epistatic relationship be-
tween the ATPase mutant and a ubc13 or mms2 deletion, but this
was not observed with respect to general damage sensitivity
[55]. Finally, the postulated contribution of Rad5 to TLS, which
could explain this lack of genetic epistasis, would again not be ex-
pected to require a helicase or fork regression activity. Moreover,
there are conﬂicting reports as to whether or not Rad5’s ubiquitin
ligase activity and Ubc13-Mms2 are required for TLS in budding
and ﬁssion yeast [54,57,58].
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what type of damage bypass is actually measured by the respective
approaches. While the classical sedimentation analyses as well as
those involving chronic low-dose UV irradiation appear to measure
predominantly template switching events [19,56], the assays based
on synchronised populations where bypass activity is limited to
G2/M primarily respond to TLS [46], and defects in template
switching become apparent mostly in TLS-deﬁcient backgrounds.
The assays involving RAD18 induction in G2/M in synchronised
cells were performed at rather low UV doses (up to 20 J m2), be-
cause a higher damage load actually caused problems with the
completion of S phase [46]. If the lesions are spaced widely enough,
however, error-free bypass on the leading strand could in principle
be avoided altogether if stalled forks were met by the lagging
strand of a neighbouring replication fork. Based on the spacing of
bypass tracts visualised by DNA ﬁbre analysis [46], this appears
unlikely, and the complementary study involving the cyclin-based
G2-induction of RAD6 pathway components involved signiﬁcantly
higher damage loads [45]. However, in this case cells were not syn-
chronised, which makes them much less sensitive to damage that
can be removed by alternative pathways, such as NER or BER.
Manipulation of the efﬁciency of origin ﬁring in these systems
might provide additional insight here.
While regressed replication forks appear to be difﬁcult to detect
and have been shown to accumulate only in checkpoint-deﬁcient
yeast [59], the observation of fork-associated recombination struc-
tures would also lend support to models postulating ‘‘on-the-ﬂy’’
template switching events. Two-dimensional gel electrophoresis
has indeed revealed X-shaped molecules dependent on the pres-
ence of Rad18, Rad5 and Rad51, hence indicating recombination
intermediates consistent with template switching [47]. However,
accumulation of these structures occured over a rather long time
span of up to 3 h, which is difﬁcult to reconcile with the presence
of forks in the vicinity of an early replication origin. A formation of
recombination structures in a replication-dependent manner, but
after passage of the fork, might explain their origin and persistent
nature equally well.
In summary, although a fork-associated mode of TLS cannot be
excluded based on the available data, it is fairly clear that the pro-
cess does not require replication forks to function properly. In con-
trast, the last word has not been spoken with respect to error-free
template switching.4.4. Timing of damage bypass in vertebrate cells
The basic mechanisms of ubiquitin-dependent damage bypass
are highly conserved among eukaryotes [6,60,61]. There are homo-
logs for all the enzymes involved in PCNA ubiquitylation and TLS
polymerases, and their activities correlate well with the pheno-
types observed upon their inactivation. Although some differences
have been reported with respect to the inﬂuence of checkpoint sig-
nalling on the pathway, ubiquitylation of PCNA is believed to be
triggered by the same signal, i.e., RPA-covered stretches of single-
stranded DNA associated with stalled replication intermediates
(including postreplicative daughter-strand gaps) [25,62,63]. How-
ever, although vertebrates harbour two Rad5 homologs, HLTF and
SHPRH, both of which have been shown to contribute to damage
processing and PCNA modiﬁcation [30,31,64,65], monoubiquityla-
tion of PCNA appears to be much more dominant than polyubiqui-
tylation, possibly indicating a strong preference for TLS among
higher eukaryotes [23,26]. Certainly, the activation of damage-tol-
erant polymerases by monoubiquitylated PCNA has been studied
in much greater detail than the error-free pathway. As a conse-
quence, the issue of timing and spacing with respect to the replica-
tion fork in vertebrate cells has only been addressed for TLS.4.4.1. DT40 cells
Due to the relative ease of genetic manipulations, the avian B-
cell line DT40 has been used extensively as a model system to study
DNA transactions such as recombination and repair [66]. Analysis of
TLS in this system suggests that ubiquitin-dependent regulation
may not be as dominant as in budding yeast. The Y-family polymer-
ase Rev1 plays a prominent role in TLS, not only because of its enzy-
matic activity, but more so because of a structural role in
coordinating the interactions between different damage-tolerant
polymerases. Intriguingly, no epistasis was observed between the
damage sensitivities of rev1/ and either rad18/ or a non-modi-
ﬁable PCNAmutant, K164R [24,67,68], suggesting that the polymer-
ase acts at least in part independently of ubiquitylated PCNA. By
means of a strategy that took into account on one hand the ability
of cells to perform gap ﬁlling, measured by gradient centrifugation,
and on the other hand the effects of UV damage on replication fork
progression, as determined by ﬁbre analysis of newly synthesised
DNA, it was possible to correlate TLS activity with two distinct pro-
cesses [68]: a fork-associated, Rev1-dependent, but ubiquitin-inde-
pendentmode and a postreplicativemode thatwas found to depend
on PCNA ubiquitylation as well as polymeraseg, but not on Rev1 or
Rev3 [68,69]. Responses to the chemical agent 4-nitroquinoline-1-
oxide (NQO), which causes bulky adducts, was comparable. Given
the presence of two ubiquitin-binding domains within Rev1, which
had been postulated to mediate interaction with ubiquitylated
PCNA [32,33], the independence of Rev1 on modiﬁcation of the
clamp is surprising. It may suggest that Rev1 in fact recognises a dif-
ferent ubiquitylated target protein at the fork, possibly one of the
other TLS polymerases. Alternatively, Rev1 might be required in
cooperation with ubiquitylated PCNA in response to other types
of lesions that cannot be bypassed by polymerase g. Notably, even
in budding yeast, wheremuch of the activity of TLS polymerases re-
quires PCNA ubiquitylation, some ubiquitin-independent function
of polymerase f is detected [27], which may or may not reﬂect a
fork-associated activity.
4.4.2. Mammalian cells
As in the DT40 system, two temporally distinct modes of TLS
have been described in mammalian cells, an early and a late path-
way [70]. In this case, however, Rev1 was found to be required for
both. In mouse embryonic ﬁbroblasts, replication fork progression
after UV irradiation was signiﬁcantly affected by deletion of Rev1,
indicating a defect in early events of TLS. At the same time, the
maturation of replication forks measured several hours after irradi-
ation by alkaline unwinding assays as well as alkaline sedimenta-
tion analysis, was also disturbed in rev1/ cells, consistent with a
function of Rev1 in a late event. Importantly, a BRCT domain within
Rev1 was speciﬁcally required for the early, but not the late mode
of TLS, indicating that the early activity reﬂects a function distinct
from the postreplicative gap ﬁlling to which the late pathway can
be attributed [70]. Intriguingly, in contrast to Rev1, deletion of
Rev3 only resulted in a defective late pathway, but no loss of func-
tion in the early mode [71]. It is not clear whether these ﬁndings
indicate real differences between chicken and mammalian Rev1
or whether they are due to experimental details. Moreover, the
requirements for ubiquitylated PCNA were not determined for
either the early or the late pathway.5. Outlook
The variety and partial redundance of mechanisms for lesion
bypass during and after replication reﬂect the versatility of a cell’s
response to replication problems and the paramount importance of
resolving these problems. In eukaryotes, ubiquitylation of PCNA
2866 H.D. Ulrich / FEBS Letters 585 (2011) 2861–2867controls a major part of damage tolerance that appears to act
mostly in a replication fork-independent fashion on postreplicative
daughter-strand gaps. However, ubiquitin-independent pathways
are also available. On one hand, some activities of TLS polymerases
are not mediated by ubiquitylated PCNA in yeast and vertebrates.
On the other hand, damage processing via homologous recombina-
tion, which has not been discussed at all in this review, appears to
serve as a major backup pathway for the restoration of replication
forks even after their complete break-down. Point mutations and
also larger genomic rearrangements ensuing from damage toler-
ance may not only be a price to pay for ensuring complete replica-
tion of a cell’s genetic material, but also contribute to long-term
adaptation and evolution.References
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